Central to synaptic function are protein scaffolds associated with 14 neurotransmitter receptors. α7 neuronal nicotinic acetylcholine recep-15 tors (nAChRs) modulate network activity, neuronal survival and 16 cognitive processes in the CNS, but protein scaffolds that interact with 17 these receptors are unknown. Here we show that the PDZ-domain 18 containing protein PICK1 binds to α7 nAChRs and plays a role in their 19 clustering. PICK1 interacted with the α7 cytoplasmic loop in yeast in a 20 PDZ-dependent way, and the interaction was confirmed in recombinant 21 pull-down experiments and by co-precipitation of native proteins. Some 22 α7 and PICK1 clusters were adjacent at the surface of SH-SY5Y cells 23 and GABAergic interneurons in hippocampal cultures. Expression of 24 PICK1 caused decreased α7 clustering on the surface of the 25 interneurons in a PDZ-dependent way. These data show that PICK1 26 negatively regulates surface clustering of α7 nAChRs on hippocampal 27 interneurons, which may be important in inhibitory functions of α7 in 28 the hippocampus. 
Introduction

35
Molecular scaffolds organize synaptic structures and down-36 stream signaling processes. Among nAChRs, members of the 37 PSD95 family interact with α3 and β4 subunits in the peripheral 38 nervous system (Conroy et al. Yeast strain AH109 was cotransformed with plasmids encoding the GAL4 DNA-binding domain fused to different sequences of the cytoplasmic loop of rat α7 nAChR (or rat α4 or β2 nAChR, as indicated) and the GAL4 activation domain fused to different PICK1 sequences. Protein-protein interaction was assayed by growing the yeast on selective medium and by galactosidase assays. The specificity of this interaction was tested using control plasmids; + indicates interaction, − no interaction. n.d., not done. (B) PICK1 prey constructs used. CC, coiled coil domain; AR, acidic region. (C) Sequence alignment of the bait 9 region of α7 with other nAChR subunits and with the C-terminus of other proteins known to bind PICK1. A separate alignment of α7 with Arf1 and Arf3 is shown at the bottom. Note the two putative PDZ-binding motifs, EVRY and ESEV. (D) Mutation of the putative PDZ-binding motifs (EVRY and ESEV) in α7 nAChR bait 1 and bait 9. The interaction with PICK1 prey vectors was not affected. Polarity colors mark the residues according to the polarity of amino acids (www.clcbio.com).
174 mutated baits still bound normally to full-length PICK1 through its 175 PDZ domain (Fig. 1C) . Thus the α7 nAChR-PICK1 interaction 176 reported here does not depend on α7 sequences similar to class I, II 177 and III PDZ-binding motifs. Similarly, the C-termini of Arf1 and 178 Arf3 bind to PICK1 but lack such binding motifs ( Fig. 1C) (Takeya 179 et al., 2000) . In a specific comparison between α7 and these two 180 proteins, no obvious homologies were observed (Fig. 1C) .
181 We can conclude the following: most PICK1-interacting proteins 182 known so far bind the PDZ domain of PICK1 through class I or II 183 motifs. Exceptions are Arf1 and Arf3, which do use their C-termini 184 to bind PICK1, but this binding does not occur via consensus 185 sequences. Another exception is α7, which uses neither the C-186 terminus nor consensus motifs to bind PICK1. Instead, this binding 187 occurs via a segment of the internal α7 loop close to transmembrane 188 domain 4. Further characterization of this binding region will require 189 systematic deletions and amino acid replacements.
190
Interaction of recombinant α7 and PICK1 in heterologous cells
191
The interaction of α7 nAChR and PICK1 was further examined 192 by recombinant protein pull-down experiments and immunoblot- Fig. 2 . Interaction of recombinant α7 and PICK1. (A-C) COS cells were transfected with full-length α7 or myc-PICK1 expression constructs, lysed and incubated with the indicated amounts of GST proteins immobilized on beads. Bead pellets were analysed by α7-or myc-immunoblotting, and blots were reprobed for GST, showing that GST-PICK1 precipitates α7 from the COS lysate (A), while GST-α7loop pulls down myc-PICK1 (B), and GST-α4loop does not pull down myc-PICK1 (C). As a control, non-transfected COS cells produced no immunoblot signals (not shown). Panels of GST-blots show GST, GST-PICK1, GST-α7loop or GST-α4loop proteins at their respective molecular weights. To probe α7 nAChR, the following antibodies were used for immunoblots: polyclonal anti-α7 (Santa Cruz; shown) and mAb306 (not shown), with identical results. (D) Bacteria expressing His-PICK1 were lysed, incubated with the indicated GST beads, and precipitates were analyzed by His-immunoblotting, showing that GST-α7 loop pulls down His-PICK1. Parallel samples were Coomassie-stained to reveal GST and GST-α7 loop proteins, shown at their respective molecular weight.
210 Association of native PICK1 with α7 nAChRs in brain
211
We next performed co-precipitation experiments to test for 212 interaction between the native PICK1 and α7 nAChR proteins in 213 rat brain. From synaptosome preparations of adult rat hippocam-214 pus, α7 nAChRs were first precipitated with α-BT coupled to 215 sepharose beads according to established protocols (Drisdel and 216 Green, 2000; Fuhrer and Hall, 1996) . Samples were analyzed by 217 PICK1 immunoblotting, revealing the presence of PICK1 in the α7 218 precipitates (Fig. 3A) . The presence of α7 nAChR after α-BT-219 precipitation was verified using anti-α7 antibodies (Fig. 3A) . Pre-220 incubation with free excess toxin abolished the α7 signal and 221 strongly decreased levels of PICK1 signal, demonstrating specific 222 α7-PICK1 association of native proteins in brain (Fig. 3A) . In 223 addition, the specificity of the α-BT-precipitation and the presence 224 of PICK1 in the α7 precipitates were demonstrated by nicotine-225 competition, which eliminated the α7 nAChR signal and strongly 226 reduced the PICK1 signal in the corresponding Western blots (Fig.  227  3B) . The weak PICK1-signal in the control lanes (+T, +Nic) 228 originates from non-specific binding of PICK1 to the α-BT-229 sepharose resin. We also precipitated α7 nAChRs from synapto-230 somes using anti-α7 antibodies and again detected associated 231 PICK1 by immunoblotting (Fig. 3C, left) . Omitting antibodies or 232 synaptosomes from the precipitation eliminated the PICK1 signal 233 (Fig. 3C, left) . α7-precipitation from synaptosomal preparations of 234 cerebellum or cerebral cortex showed reduced signals compared to 235 hippocampus (Fig. 3C, left) as expected from the high relative 236 abundance of α7 in hippocampus (Seguela et al., 1993) . To further Fig. 3 . Interaction of endogenous α7 nAChRs and PICK1 in adult rat brain. (A) Synaptosomes were prepared from dissected hippocampi of adult rats, and α7 nAChRs were precipitated with α-BT-Sepharose beads (Tox-P). As controls for specificity, excess free α-BT (+T) was added. A fraction of the total synaptosomal lysate was loaded as a control (Tot). PICK1 immunoblotting reveals specific association with α7 nAChRs, which themselves are visualized in an α7-blot using mAb306 (shown) or mAb319 (not shown; identical results). (B) From adult rat brain lysates, α7 nAChRs were precipitated with α-BT-Sepharose beads (Tox-P) and analyzed by PICK1-or α7-immunoblotting (anti-α7 from Abcam). Nicotine-competition eliminated the α7 nAChR signal and strongly reduced the PICK1 signal, demonstrating specific α7-PICK1-association. (C) Synaptosomes (left) or total hippocampal tissue (right) were prepared from hippocampus (Hip), cerebellum (Cer) or cortex (Cor), lysed, and α7 precipitated using mAb319. As controls, mAb319 was omitted (Ab), brain tissue was left out, or a fraction of total hippocampal synaptosomes was loaded without precipitation (Tot). α7-associated PICK1 was visualized by immunoblotting and mostly detected in hippocampus. Levels of α7 were highest in hippocampus, as revealed by α7-immunoblotting (not shown). Nonimmune IgG was used as a control (right). * Indicates the non-immune IgG antibody band, and ** denotes the α7-antibody band. (D) Hippocampal synaptosomes were processed as in panel C, but antibodies against the PSD95-family or GluR2 were used for immunoblotting. PSD95-family proteins and GluR2 AMPAR subunits were present in hippocampal synaptosomes but not associated with α7.
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237 assess the specificity of the α7 immunoprecipitation we used non-238 immune IgG as a control and found no associated PICK1 signal 239 (Fig. 3C, right) . In all controls, the molecular weight range of 240 PICK1 was free of signal, with the anti-α7 antibody band and the 241 non-immune IgG band running above the PICK1 range (Fig. 3C) .
242
To further illustrate the specificity of the α7-PICK1 interaction, 243 we probed the same α7 immunoprecipitates from hippocampal 244 synaptosomes as used in Fig. 3C for the presence of other synaptic 245 proteins, GluR2 (an AMPA receptor subunit) and members of the 246 PSD95 family (using pan-PSD95 antibodies). Neither GluR2 nor 247 PSD95-family members were associated with α7, but were clearly 248 visible in the starting synaptosomal preparation (Fig. 3D) . Taken 249 together, the co-precipitation experiments demonstrate that native α7 250 nAChRs are specifically associated with PICK1 in the hippocampus. 251 The experiments involve two independent methods -precipitation of 252 α7 receptors with α-BT or with antibodies -and thus represent solid 253 and specific evidence for in vivo interaction of α7 nAChRs and 254 PICK1. (Fig. 4) . In transfected COS and HEK cells, α7 nAChRs remain in . Alternatively, they were transfected with both plasmids (right). Cells were permeabilized, stained for α7 using anti-α7 antibodies (red), HA-tag (green), or both, and analyzed by conventional fluorescence microscopy. Anti-α7 antibodies were from Abcam (shown) or mAb306 (not shown), with identical results. In all cases, α7 and PICK1 signals are diffuse and around the nucleus. Coexpression does not affect this and reveals partial overlay in the perinuclear area (yellow). Untransfected COS cells produced no signal (not shown). Scale bar, 20 μm. (B) SH-SY5Y cells stably expressing α7 were transfected with PICK1-EGFP expression vector using magnetofection. They were subjected to surface staining of α7 (using α-BT-rhodamine, red) and analyzed by fluorescence microscopy. A cell expressing α7 clusters is shown, with PICK1-EGFP expression in green. This EGFP signal is diffuse and in clusters; the clusters partially overlap and are adjacent to the α7 clusters (note the arrowheads in the white box, which was rotated 90°clockwise to produce the higher magnification insert). In cells not transfected with PICK1-EGFP (not shown), α7 clusters are very similar. Scale bar, 20 μm. (C) As control for specificity, SH-SY5Y cells were stained with α-BT-rhodamine in the presence or absence of nicotine. Differential interference contrast (DIC) shows the cells present. Nicotinecompetition (1 mM nicotine added 10 min before α-BT-rhodamine) caused a strong reduction in α-BT surface staining, demonstrating the specificity of the α-BT signal for α7 receptors. Scale bar, 20 μm. In COS cells transfected with either α7 nAChR or HA-tagged 273 PICK1, we observed largely diffuse intracellular immunofluores-274 cence for these proteins, most intense in the perinuclear area, and 275 occasionally some HA-PICK1 clusters (Fig. 4A left, and data not 276 shown). The same result was seen when HA-PICK1 and α7 nAchR 277 were expressed together (Fig. 4A, right) . Thus, although no re-278 distribution was seen upon co-transfection, α7 and PICK1 are 279 perfectly positioned to interact with each other (Fig. 4A , yellow in 280 overlay). Likewise, in HEK 293T cells, α7 immunofluorescence was 281 diffusely distributed and did not reveal clusters (data not shown) 282 whether or not HA-PICK1 was co-expressed. PICK1 formed clusters 283 in HEK 293T cells, also when α7 was not co-expressed, and the 284 PICK1 clusters did not overlap with clusters of α7 (data not shown).
255
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285
We transfected SH-SY5Y cells stably expressing α7 (Charpan-286 tier et al., 2005) with a PICK-EGFP fusion construct to visualize 287 both markers in intact cells. α-BT-rhodamine staining revealed α7 288 nAChR clusters at the cell surface, besides some diffuse signal 289 (Fig. 4B ). PICK1-EGFP also formed clusters, which often were 290 adjacent, or even apposed, to the α7 clusters (Fig. 4B merge) . Here 291 again, the distribution and appearance of α7 nAChR clusters was 292 identical in cells not transfected with PICK1-EGFP. The specificity 293 of the α7 nAChR signal on SH-SY5Y cells was demonstrated by 294 displacing α-BT-rhodamine with nicotine, resulting in a drastic 295 reduction of α-BT-rhodamine staining (Fig. 4C) .
296
Taken together, these data indicate that in heterologous cells 297 PICK1 does not induce or affect clustering of α7 nAChRs, 298 although PICK1 itself, in agreement with previous studies (Xia et 299 al., 1999) , can form clusters in such cells. Immature intracellular 300 α7 protein is positioned to interact with PICK1 in the perinuclear 301 area in COS cells, whereas some clusters of PICK1 and mature α7 302 nAChRs are adjacent and partially overlapping at the surface of 303 SH-SY5Y cells. These data are consistent with those of Figs. 1, 2 304 and 3 showing interaction between PICK1 and α7 nAChRs.
305 Clusters of PICK1 are adjacent to α7 nAChR clusters at the 306 surface of rat hippocampal GABAergic interneurons
307
We next assessed the subcellular distribution of α7 receptors 308 and PICK1 in neurons using immunofluorescence microscopy. 309 Primary cultures of rat hippocampal neurons were stained during 310 the second and third week in vitro (Fig. 5) . Fluorescent α-BT, 311 added to intact cells, specifically labeled surface α7 clusters along 312 membranes (Fig. 5) , confirming the pattern demonstrated pre-313 viously (Kawai et al., 2002) . The labeling was specific as it was 314 blocked by adding excess unlabeled α-BT or nicotine (not shown; 315 but see Kawai et al., 2002) . α7 clusters were easily detectable on 316 dendritic processes proximal and distal to the soma, and often 317 appeared grouped into larger aggregates on the cell soma (Fig. 5) . 318 At higher magnification, individual clusters were seen on dendrites 319 (box in Fig. 5a ). 320 α7 nAChR clusters labeled with α-BT were seen on only a 321 subset of neurons. To determine their identity, we double-labeled 322 cells with α-BT and antibodies recognizing GAD (glutamic acid 323 decarboxylase) or VGAT (vesicular GABA transporter) (Fig. 5) . 5-324 10% of all neurons were GAD-or VGAT-positive, revealing thus a 325 low density of GABAergic interneurons. Consistent with a 326 previous report (Kawai et al., 2002) , α7 nAChR clusters were 327 only present on GAD-or VGAT-positive neurons and labeled most 328 of these cells (Fig. 5) . Furthermore, α7 nAChR clusters showed 329 some overlap with VGAT-or GAD-immunoreactivity (IR) (Fig. 5 ) 330 and also with GABA A receptor α1 subunit-IR (data not shown), 331 suggesting that some of these α7 clusters are located close to 332 GABAergic synapses. Average density of α-BT-clusters in 333 dendrites was 15.0 clusters per 100 μm segment (averaged from 334 145 dendrite segments of 100 μm length from 40 cells of three 335 independent cultures). This value is similar to published GABA A 336 receptor α2 subunit clusters apposed to GAD boutons (14.7 per 337 100 μm segment) (Brunig et al., 2002a,b) .
338 The synaptic localization of many interneuronal α7 clusters 339 remains unclear in cultured hippocampal cells (Kawai et al., 2002) 340 although some overlap with synaptotagmin label has been reported 341 (Zarei et al., 1999 (Fig. 4) , some α7 clusters were 358 adjacent or even apposed to PICK1 clusters in interneurons (Fig. 6 359 -note the examples pointed out by arrowheads in the white boxes 360 at higher magnification). Collectively, our data demonstrate that α7 361 nAChR clusters are found mainly on GABAergic interneurons and 362 tend to closely associate with PICK1 clusters.
363
PICK1 reduces α7 nAChR surface clustering in interneurons 364
To determine whether PICK1 controls clustering of α7 nAChRs 365 at the surface of hippocampal interneurons, we expressed a 366 bicistronic EGFP-PICK1 construct (Terashima et al., 2004) 373 To analyze the effects of PICK1 on α7 nAChR surface clusters, 374 we examined α-BT-rhodamine labeling following virus infection in 375 14-day-old hippocampal neurons. Infected interneurons were read-376 ily detected by EGFP fluorescence in their somata and dendrites. A 377 reduction in α-BT labeling of α7 nAChR at the surface was evident 378 in interneurons infected with EGFP-PICK1 virus compared to non-379 infected cells (Fig. 7) . Furthermore, overexpressing EGFP only or 380 the mutant PICK1-AA protein did not change the pattern of α-BT-381 rhodamine labeling, indicating that the functional PDZ domain of 382 PICK1 is needed for affecting α7 nAChR clusters.
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The effects of PICK1 viral expression were quantitatively 384 assessed comparing α-BT cluster levels within groups and per 385 cellular region. On the soma of interneurons, clusters often appeared 386 grouped into larger aggregates, as noted for Fig. 5 . Our data revealed 387 a significant reduction in α7 nAChR clusters, measured as the 388 cumulative α-BT signal per surface area, on the somata and proximal 389 dendrites of interneurons expressing wild-type PICK1 (Fig. 7, WT) . 390 No effect on α7 clusters was seen in non-infected, EGFP-or PICK1-391 AA-infected interneurons.
392
To exclude any side effects of viral infection, the effect of 393 PICK1 on α7 nAChR clustering in interneurons was confirmed by 394 transfection of a EYFP-PICK1 fusion protein (or EYFP alone) 395 into hippocampal primary neurons (11 days in vitro) and by 396 examining α7 cluster distribution using α-BT-rhodamine. The 397 results show, as in the case of virus-infected cells, that 398 interneurons expressing EYFP-PICK1 or EYFP have a healthy 399 morphology indicating that PICK1 expression per se did not harm 400 these cells (Fig. 8) . EYFP-PICK1 was observed diffusely and in 401 clusters, as shown previously for myc-tagged PICK1 in 402 hippocampal cultures (Boudin and Craig, 2001). The amount of 403 α7 nAChR clusters on dendrites of transfected interneurons again 404 was measured as the cumulative α-BT signal per surface area. 405 These data showed a significant reduction of the α-BT signal in 406 interneurons expressing EYFP-PICK1 compared to both untrans-407 fected interneurons and interneurons expressing EYFP alone (Fig.   408  8) , thus confirming the results from viral expression (Fig. 7) . 409 Altogether, these results provide strong evidence that PICK1 410 reduces clustering of α7 nAChR at the surface of GABAergic 411 interneurons.
412 To further ascertain that PICK1 expression does not harm the 413 cells causing non-specific redistribution of other surface receptors, 414 we transfected EYFP-PICK1 or EYFP constructs in cultured 415 neurons using magnetofection and stained the neurons for the 416 GABA A receptor α1 subunit and VGAT as markers for interneurons 417 (Fig. 9) . The results show that the GABA A receptor α1 subunit 418 immunofluorescence was unaffected in interneurons after EYFP-419 PICK1 expression compared to control EYFP expression. There-420 fore, expression of PICK1 in hippocampal GABAergic interneurons 421 does not have a general effect on surface receptors, but specifically 422 reduces surface clusters of α7 nAChRs.
Discussion
424
This study identifies the first synaptic scaffold protein, PICK1, 425 that interacts with nAChRs in the CNS, exemplified by α7 426 nAChRs. We show that PICK1 binds to α7 in yeast, heterologous 427 mammalian cells and hippocampal tissue. PICK1 and α7 clusters 428 are detectable, sometimes adjacent and partially overlapping, at the 429 surface of hippocampal GABAergic interneurons, and PICK1 430 negatively regulates α7 nAChR clustering in these cells. 
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431 PICK1 interacts with α7 nAChRs through its PDZ domain and an 432 internal segment of the α7 loop
433
Very little is known about protein interactions of α7 nAChRs. 434 SFKs bind to the cytoplasmic loop of α7, phosphorylate the receptor 435 and decrease its activity 
443
We identify PICK1 as a binding partner for the α7 cytoplasmic 444 loop, and our experiments strongly suggest that this represents a 445 direct and specific interaction of the two proteins. Thus, we observe 446 PICK1-α7 interaction in yeast, using the cytoplasmic loop of α7 as a 447 bait. In recombinant pulldown experiments α7 loop fusion protein 448 (GST) interacts with PICK1 protein that is either expressed in COS 449 cells or in bacteria, and the interaction is also seen in the reverse case, 450 using GST-PICK1 to pull down α7. Furthermore, interaction 451 between PICK1 and α7 receptors is observed in the case of native 452 proteins, because α-BT-or α7-antibody-precipitations bring down, 453 in a specific fashion, PICK1 in lysates from brain and dissected 454 hippocampus. In controls, the loops of other nAChR subunits do not 455 interact with PICK, and α7 nAChRs do not associate with PSD95- Fig. 7 . Viral expression of PICK1 causes a reduction in surface α7 nAChR clusters in cultured hippocampal interneurons. Cultured hippocampal cells were infected with different Sindbis viruses (SV), labeled with α-BT-rhodamine and analyzed by conventional fluorescence microscopy. The panels show examples of EGFP fluorescence (right) and surface α7 nAChR staining by α-BT-rhodamine for a non-infected control neuron, a neuron infected with SV containing EGFP, a neuron infected with SV expressing PICK1-WT (wild-type) and EGFP, and a neuron infected with SV containing PICK1-AA mutant and EGFP. Inserts show magnifications of α-BT-staining of somatic regions indicated by the box (for lower-power images, scale bars are 20 μm). Wild-type PICK1 expression reduces α7 clustering. A quantitative analysis of these effects is shown at the bottom. For each neuron in a group (non-infected, EGFP virus, PICK1-WT-EGFP virus, or PICK1-AA-EGFP virus), four surface areas covering 100 μm 2 (comparable to the boxes indicated in the top panels) were randomly chosen per cellular region (s, soma; p, proximal dendrites). The α-BT fluorescence intensity was quantitated and plotted per surface area (***p < 0.0001; **p < 0.0015, by unpaired two-tailed Student's t-test). α7 surface clustering is reduced by PICK1-WT but not by PICK1-AA in somatic and proximal dendritic areas. Fig. 6 . Some clusters of α7 and PICK1 are adjacent and partially overlapping at the surface of hippocampal interneurons. Cultured hippocampal neurons were labeled with α-BT-rhodamine, permeabilized, and incubated with PICK1 and VGAT antibodies, followed by secondary AlexaFluor 488-and 350-coupled antibodies and fluorescence microscopical analysis. The panel demonstrates one interneuron (VGAT marker in blue) with strong α-BT-rhodamine (red) and endogenous PICK1 immunoreactivity (green). Two dendritic areas are shown enlarged with arrowheads highlighting discrete punctae immunoreactive for α7 and PICK1 clusters. The merged image shows the partial overlap of adjacent α7 nAChRs and PICK1 clusters. Scale bars: 20 μm.
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456 proteins or GluR2 receptors. Finally, α7 nAChRs and PICK1 457 partially co-localize in heterologous cells and can be found adjacent 458 in clusters at the surface of GABAergic interneurons. The 459 combination of these data strongly implies a direct and specific 460 interaction between PICK1 and the α7 loop. An intermediate protein 461 would have to exist in yeast, bacteria, COS cells and neurons; it 462 would have to survive the GST protein purification on glutathione-463 sepharose, and this is very unlikely. Fig. 8 . Expression of PICK1 by magnetofection causes a reduction in surface α7 nAChR clusters in cultured hippocampal interneurons. Cultured hippocampal cells were transfected with EYFP-PICK1 or EYFP constructs using magnetofection, labeled with α-BT-rhodamine and anti-VGAT antibody and analyzed by conventional fluorescence microscopy. The panels show examples of surface α7 nAChR staining by α-BT-rhodamine (left), EYFP fluorescence (middle), and VGAT staining (right) for a non-transfected control interneuron, an interneuron transfected with EYFP, and an interneuron transfected with EYFP-PICK1. PICK1 expression reduces α7 clustering. A quantitative analysis of these effects is shown at the bottom. For each neuron in a group (untransfected, EYFP-PICK1 transfected or EYFP transfected), proximal dendritic surface areas were randomly chosen (the boxes represent examples). The amount of α7 surface clusters on dendrites of transfected neurons was measured as the cumulative α-BT fluorescence area per dendritic surface area. α7 surface clustering is reduced by EYFP-PICK1 but not by EYFP in dendritic areas (*p = 0.0267; unpaired two-tailed Student's t-test). Scale bar, 20 μm.
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We mapped the involved binding regions in both α7 and 465 PICK1. Whereas in α7, a C-terminal peptide of the intracellular 466 loop was necessary and sufficient, binding in PICK1 was mediated 467 by its PDZ domain. Although the α7 peptide contains motifs 468 similar to class I and II consensus binding motifs for PDZ-469 domains, these α7 sequences were not necessary to bind to the 470 PDZ domain of PICK1. Thus the PDZ domain of PICK1 binds to 471 an internal region in the α7 loop independent of consensus motifs. 472 This is similar to Arf1 and Arf3, where the C-terminus also binds 473 to PICK1 independent of consensus sequences (Takeya et al., 474 2000) -but the binding regions of Arf proteins and α7 do not 475 show particular homology (Fig. 1) .
476
PDZ domains of synaptic scaffolding proteins often bind to 477 short motifs (class I, II or III) at the intracellular C-terminus of 478 transmembrane receptors (Nourry et al., 2003 
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506 cells, PICK1 induces clustering of GluR2-containing AMPA-Rs, 507 mGluR7a and others. The situation in neurons is more complex, as 508 PICK1 can increase or decrease synaptic clustering of neuro-509 transmitter receptors, depending on receptor subunits and neural 510 cell type (Perez et ). In our case, unlike any of the receptors described 512 previously, PICK1 expression did not induce or affect clusters of 513 α7 nAChRs in heterologous cells including SH-SY5Y, even though 514 PICK1 itself was clustered, particularly in HEK 293T cells and SH-515 SY5Y cells. Yet, expression of PICK1 reduced clustering of α7 at 516 the surface of GABAergic hippocampal interneurons. This 517 reduction was a specific and most likely direct process as 518 supported by the following findings. First, the reduction was seen 519 by using two entirely different techniques to express PICK1, viral 520 expression or magnetofection. Second, the reduction, in the same 521 way as binding to α7 did, required an intact PICK1 PDZ domain, 522 since the AA mutation or expression of GFP alone had no effect. 523 Third, the reduction did not involve intercellular interactions, 524 because only PICK1-transfected interneurons were affected rather 525 than adjacent non-transfected interneurons. Fourth, the reduction 526 was not simply a follow-up effect of downregulation of GluR2, 527 since we and others (Jonas and Burnashev, 1995; Leranth et al., 528 1996; Kawai et al., 2002) detected no overlap in the distribution of 529 α7 and GluR2 (data not shown). Fifth, PICK1 expression did not 530 affect surface clustering of GABA A receptors in hippocampal 531 interneurons demonstrating that PICK1 does not have a general 532 effect on surface receptors, but rather specifically reduces α7 533 surface clusters. 534
Thus our experiments point toward a specific PICK1-α7 535 mechanism, mediated by binding between these proteins, that 536 controls α7 clustering at the surface of hippocampal interneurons. 537 PICK1 does not induce α7 nAChR clustering, but interacts with the 538 receptor and negatively regulates or limits α7 clustering. This 539 mechanism may depend on one or several proteins expressed in 540 interneurons that bind(s) to the α7-PICK1 complex and affect its 541 targeting and/or transport processes. In such a manner, α7-PICK1 542 complexes may have a defined molecular composition in these 543 cells, determining their intracellular targeting and clustering. 544 Consistent with this, α7 clusters in populations of spinal cord 545 neurons differently colocalize with cytoskeletal and lipid rafts 546 components indicating that α7-containing protein complexes can 547 be different between neuron populations (Roth and Berg, 2003) .
548
Our data introduce PICK1 as first intracellular protein that 549 controls clustering of nAChRs in the CNS, exemplified by α7 550 nAChRs. Since PICK1 does not interact with nAChR subunits α4 551 and β2 in our tests, PICK1′effects may be specific for the α7 552 receptors within the family of all nAChRs. Very little is known 553 about clustering mechanisms for other nAChRs in the peripheral 554 and central nervous system, while many players are known that 555 regulate synaptic aggregation of muscle AChRs at the neuromus-556 cular junction, as reviewed recently (Wiesner and Fuhrer, in press ). , 2000) , are compatible with 586 any or even a combination of these possibilities. In a static 587 microscopical picture, some clusters of PICK1 and α7 are adjacent 588 and overlap partially, although precise colocalization is low (Fig. 6) . 589 Nonetheless, α7 and PICK1 can interact with each other (Figs. 1-4) . . It is therefore possible 597 that PICK1 acts in trafficking of α7 receptors towards or away from 598 clusters rather than being a static anchor protein for clustered 599 receptors, but more experimental approaches will be necessary to 600 address these issues in detail. Functional expression of α-BT-601 binding α7 nAChRs is also regulated by palmitoylation of α7 602 receptors during their assembly in the ER (Drisdel et al., 2004) 
571
Possible mechanisms and relevance of PICK1 controlling
α7 572 clustering 573 The pronounced reduction in surface α7 clustering by PICK1 in 574 interneurons implies that not only receptors at GABAergic synapses 575 are affected but also clusters that most likely represent extrasynaptic 576 receptor aggregates. Regulation by PICK1 thus appears as a 577 common property of all α7 receptor clusters in these cell cultures. 578 There are many possibilities by which PICK1 could reduce α7 579 clustering. PICK1 could disperse surface receptor aggregates 580 leading to diffuse receptors undetectable by our staining. In 581 addition, PICK1 may reduce delivery of newly synthesized α7 582 nAChRs to the plasma membrane, or promote receptor internaliza-583 tion. The actions of PICK1 on other neurotransmitter receptors, 584 together with the known protein interactions of PICK1 (Jin et al., 585 2006; Perez et al., 2001; Takeya et al.
714
using IPTG as an inducer. GST fusions were purified using glutathione-715 sepharose beads as described previously (Fuhrer and Hall, 1996) . Bacteria 
734
CaCl 2 ) on ice and centrifuged at 1400×g for 10 min at 4°C, and the 735 supernatant was saved (S1). The pellet (P1) was resuspended in buffer A,
736
centrifuged at 720×g for 10 min at 4°C and the pellet (P2) discarded. S2 737 and S1 were combined, centrifuged at 720×g for 10 min at 4°C and pellets
738
(P3) were discarded. The supernatants S3 were centrifuged at 13,800×g for 
851
Data analysis
852
Experiments were analyzed by epifluorescence microscopy (ApoTome,
853
Carl Zeiss AG, Germany) and using a high-resolution digital camera 
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